Abstract: Forest fires are a critical natural disturbance in most of the forested ecosystems around the globe, including the Canadian boreal forest where fires are recurrent. Here, our goal was to develop a new daily-scale forest fire danger forecasting system (FFDFS) using remote sensing data and implement it over the northern part of Canadian province of Alberta during 2009-2011 fire seasons. The daily-scale FFDFS was comprised of Moderate Resolution Imaging Spectroradiometer (MODIS)-derived four-input variables, i.e., 8-day composite of surface temperature (TS), normalized difference vegetation index (NDVI), and normalized multiband drought index (NMDI); and daily precipitable water (PW). The TS, NMDI, and NDVI variables were calculated during i period and PW during j day and then integrated to forecast fire danger conditions in five categories (i.e., extremely high, very high, high, moderate, and low) during j + 1 day. Our findings revealed that overall 95.51% of the fires fell under "extremely high" to "moderate" danger classes. Therefore, FFDFS has potential to supplement operational meteorological-based forecasting systems in between the observed meteorological stations and remote parts of the landscape. 
Introduction
Forest fires are a critical natural disturbance in most of the forested ecosystems around the globe including the Canadian boreal forest (that represents about 10% of the global forest [1] ). In fact, Canadian forests have experienced about 8300 fires that burned an average of 2.3 million ha every year for the last 25 years [1] . In general, the forest fires are usually perceived as a threat (e.g., creating health hazards, burning vegetation increasing the carbon dioxide released into the atmosphere, economic loss, etc.) [2] . However, it has many positive impacts, such as helping forest regeneration, enriching soil nutrient regimes, killing insects and diseases, etc. [3, 4] . In order to suppress fires, Canada has spent in the range of CAD $500 million to $1 billion every year on average during the last decade [1] . In addition, factors like deforestation, land use change, and climate change have caused increases in both the frequency and severity of forest fires across the world [5, 6] which means that understanding of fire danger conditions is very important to aid sustainable fire management strategies [7] .
Currently, Canada uses the Fire Weather Index (FWI) module of the Canadian Forest Fire Danger Rating System (CFFDRS) to forecast fire danger conditions at daily scale [8] . The FWI uses a set of meteorological input variables, such as mid-day (12 pm) measurements of air temperature (Ta), wind speed, and relative humidity (RH); and 24-h cumulative rainfall acquired at point locations. This system is also used in other places (i.e., Argentina [9] ; Alaska, USA [10] ; Indonesia [11] ; Malaysia [11] ; Mexico [12] ; New Zealand [13] ; Portugal [14] ; Spain [15] ; and Sweden [16] ) around the world. Despite the global acceptance of the FWI, it has an inherent problem in delineating the spatial dynamics of the danger conditions, as it employs geographic information system (GIS)-based interpolation techniques. Note that the application of various interpolation techniques (e.g., spline, kriging, inverse distance weighting) may potentially generate contrasting spatial extents even employing the same input datasets [17] . Also, in some recent studies [18, 19] , the statistical Numerical Weather Prediction model has been used to calculate the danger-related indices of the Canadian CFFDRS and the US National Fire Danger Rating System (NFDRS) at a spatial resolution of 1° × 1° (i.e., ~110 × 110 km 2 ) over the boreal forested regions of Alaska, where the major issue again is the relatively low spatial resolution. In this respect, remote sensing platforms are quite often useful in acquiring data at an improved spatial resolution (i.e., 250 to 1000 m for Moderate Resolution Imaging Spectroradiometer (MODIS) in particular) in a timely manner, and have already been proven to be an effective method of monitoring and forecasting fire danger conditions [20] [21] [22] .
In comprehending fire danger conditions, researchers have used remote sensing-derived variables during the last several decades, which can be broadly clustered into four categories. Those include: (i) meteorological variables, e.g., surface temperature (TS) [23, 24] , Ta [25] , RH [25] ; (ii) vegetation greenness, e.g., normalized difference vegetation index (NDVI) [26] ; enhanced vegetation index (EVI) [27, 28] , relative greenness (RG) [24] , visible atmospherically resistant index (VARI) [29] ; (iii) surface wetness conditions, e.g., temperature-vegetation dryness index (TVDI) [30] , NDVI/TS [31] , TS/EVI [32] ; and (iv) vegetation wetness conditions, e.g., normalized multiband drought index (NMDI) [33] , normalized difference water index (NDWI) [34] , normalized difference infrared index (NDII) [35, 36] , global vegetation moisture index (GVMI) [36] . In most of these studies, the fire danger conditions are being described either during or after the fire occurrences, meaning they cannot be used for forecasting purposes [37] . However, a limited number of studies found in the literature can be useful in forecasting. For example:
• Vidal and Devaux-Ros [38] employed Landsat TM images to calculate TS and NDVI in conjunction with meteorological station-based Ta data to calculate the water deficit index (WDI) over the Les Maures Mediterranean forests in southern France during 1990-1992 and observed that 100% of the fire pixels were captured in location where the pre-fire WDI value was ≥0.6. The major weakness of the study was the use of only 3 satellite images. Thus the researchers thought to conduct extensive validation, which was not carried out (Vidal, personal communication) .
• Guangmeng and Mei [39] utilized MODIS-based TS images over the forested regions of northeast China during April and May of 2003. They found that TS-values were increasing at least 3 days prior to the fire occurrences; however, their rate of increase was not quantified.
• Oldford et al. [40] applied AVHRR-derived TS and NDVI images over the northern boreal-forested regions of the Northwest Territories in Canada during 1994. They also found that the TS-values had an increasing trend at least 3 days prior to fire occurrences like [39] ≈ 0.65) forested areas. In general, the use of either NDVI or TS might be unable to depict the dynamics of fire danger conditions, as danger would depend on many other biophysical variables.
• Bisquert et al. [27] used MODIS-based 16-day composite EVI difference images and period of year for calculating fire occurrence over Galicia, Spain during 2001-2006 and found an overall accuracy of 58.2% when compared with observed fires. In this study, the input variable (i.e., EVI of 250 × 250 m resolution) was resampled into low spatial resolution (10 × 10 km), which could not depict the spatial variability of vegetation type and conditions, and prediction for a 16-day period was inappropriate for day-to-day forecasting purposes.
• Akther and Hassan [41] exploited a MODIS-derived 8-day composite of TS, NMDI, and temperature-vegetation wetness index (TVWI) images over the boreal forested regions of Alberta, Canada during 2006-2008. They showed encouraging results, i.e., 91.6% of the fire pixels were found in "very high" to "moderate" danger classes. There were three critical issues: (i) cloud contaminated pixels (i.e., data gaps) were excluded from the analysis; (ii) the method for calculating TVWI was complicated and highly dependent on the skill of the personnel; and (iii) forecasting was done on an 8-day scale instead of a daily scale. In another study [42] , the first two issues were addressed by employing (i) a gap-filling algorithm and (ii) NDVI instead of TVWI. They applied it over the boreal forested regions of Alberta during 2011 and found similar results (i.e., 98.2% of the fires fell under "very high" to "moderate" danger categories) like [41] .
Here, our objective was to develop a daily-scale forest fire danger forecasting system (FFDFS) using remote sensing data in order to address the temporal resolution (i.e., 8-day scale) issue of the earlier developments described in [41, 42] . In this context, we employed MODIS-derived 8-day composite of TS, NDVI, and NMDI; and daily perceptible water (PW: a surrogate of precipitation/humidity related variables). Usually, both precipitation and humidity related variables derived from meteorological observations are an integral part in the frame of the operational forest fire danger forecasting systems throughout the world, such as the CFFDRS system [8] , US National Fire Danger Rating System [43] , Australian McArthur Forest Fire Danger Rating System [44] , and Russian Nesterov Index [45] . It would be interesting to mention that remote sensing-derived PW-related variables were also used in various fire-related studies. Those included the following: (i) Han et al. [46] used the AVHRR and GOES-derived daily PW in conjunction with NDVI and TS to calculate the FWI codes of the CFFDRS over the forested land in western Quebec, Canada during 1997; (ii) Sitnov and Mokhov [47] observed that the MODIS-derived PW values were lower than the long-term monthly average values over the fire spots in forested land of European Russia during July-August 2010; and (iii) Nieto et al. [25] used the MSG SEVIRI-derived PW images to calculate relative humidity over the Iberian Peninsula in Spain during 2005, which was one of the input variables in determining the dead fuel specific equilibrium moisture content (EMC) and was compared against the meteorological based EMCs.
Study Region, Data, and Methods

General Description of Study Area
The Canadian province of Alberta comprises six natural regions, which are categorized based on climate, topography, vegetation, soil and geological formations. Among these regions, the boreal forest alone occupies about 58% of the province [48] and often faces recurrent fire disturbances. For example, approximately 1560 fires occurred that burned about 196 thousand ha per annum on an average during the period 2003-2012 [49] . Here, we used the northern part of Alberta as our study area, which lies between 52-60°N latitude and 110-120°W longitude ( Figure 1 ). The study area mainly covers eleven land cover types (see Figure 1) , and among them, the four major forest land cover varieties (e.g., deciduous broadleaf forest, evergreen broadleaf forest, evergreen needleleaf forest, and deciduous needleleaf forest) occupy about 75% of the study area. The topography is highly variable and ranges between 162 to 3596 m above the mean sea level. The study area experiences cold winters and short warm summers and moderate annual precipitation that increases with elevation. The mean annual temperature and total precipitation vary from −3.6 to 1.1 °C, and 377-535 mm, respectively [48] .
Data Requirements
We employed Terra MODIS-derived environmental variables for forecasting the forest fire danger conditions during 2009-2011 fire seasons. Those included: (i) 8-day composite of TS at 1 km spatial resolution, i.e., MOD11A2 v.005; (ii) 8-day composite of surface reflectance at 500 m spatial resolution, i.e., MOD9A1 v.005, which was subsequently used in calculating NMDI by use of near infrared (NIR) and shortwave infrared bands centered at 0.86 µm, 1.64 µm, and 2.13 µm, and NDVI by use of red and NIR spectral bands centered at 0.64 µm and 0.86 µm; and (iii) daily PW at 1 km spatial resolution, i.e., MOD05L2 v.051. The data were assimilated from 30 March-6 April to 22-29 September (i.e., DOY 89-96 to DOY 265-272) for TS, NMDI, and NDVI variables, and 30 March to 29 September (i.e., DOY 89 to DOY 272) for daily PW, respectively. In addition, we acquired an annual land cover map during 2008 derived from MODIS data at 500 m spatial resolution, i.e., MCD12Q1 v.005. In particular to the usage of remote sensing-based 8-day composite data had several issues, such as: • Though both TS and surface reflectance data (which were used to calculate NMDI, and NDVI) were available at daily temporal resolution, we employed their respective 8-day composite. This was because the computation of all these variables would be highly influenced by the atmospheric conditions, in particular the presence of cloud [50, 51] , which was critical in reducing the amount of cloud-contaminated pixels.
• The 8-day composite of TS images were generated by averaging the TS images acquired under clear-sky conditions at approximately 10:30 am local time [52] . Thus, these values might not represent the daily variations and/or maximum temperature.
• The 8-day composite of MODIS surface reflectance data used to calculate NMDI and NDVI was generated based on minimum-blue criterion, which coincided with the best clear-sky condition day during the composite of interest [53, 54] . As such, two consecutive 8-day composite images might be apart in the range of 2 to 16 days. In addition, NMDI and NDVI variables were less dynamic in the temporal dimension, i.e., wetness/greenness condition of forest vegetation might not change over a short time period even though the vegetation would experience stresses [26] .
Apart from the above-mentioned remote sensing data, we also used historical wildfire information available from Alberta Environment and Sustainable Resource Development (ESRD) during the 2009-2011 fire seasons. It consisted of several types of fire-related information, such as fire number, fire start date, fire location, and burned area. We considered those fire spots (i.e., the location of a fire started in a particular day) that eventually burned an area greater than or equal to 1 ha, as smaller fires might not be discernible by use of the spatial resolution of the commissioned environmental variables.
Implementation of a Gap-Filling Algorithm
Despite the usage of an 8-day composite of TS, NMDI, and NDVI images, there were still cloud-contaminated pixels in these images. In order to determine these data gaps, we employed MODIS quality assurance information for each variable of interest. Subsequently, we adopted the gap-filling algorithm to in-fill them described in [42] , as follows: Prior to implementing any window size of interest, we always created artificial gaps over the good quality pixels and compared against the actual values. These good quality pixels were determined on the basis of the following characteristics: (i) for TS, when the average TS errors were reported ≤ 2 K; and (ii) for surface reflectance, we used the following set of criteria: cloud shadow (i.e., no), MOD35 cloud (i.e., clear), aerosol quality (i.e., climatology and low), internal cloud algorithm flag (i.e., no cloud), cirrus detected (i.e., none and small), and pixel adjacent to cloud (i.e., no). We only filled the gaps if the root mean square error (RMSE) was less than (i) 2 K for TS, which would be acceptable according to [55, 56] ; and (ii) 0.03 for both NMDI and NDVI, which would also be acceptable according to [53, 57] .
Note that we implemented the above-mentioned algorithm in an earlier study [42] in order to generate in-filled 8-day composite of TS, NMDI, and NDVI images during 2011 fire season. Thus, we filled the data gaps of these three variables of interest during the fire seasons of 2009 and 2010 in the scope of this study. However, we did not attempt to fill the data gaps in the daily PW image, because these gaps might be due to the presence of high moisture content in the atmosphere [58] , which would potentially decrease the fire occurrences [59] .
Upon employing the MODIS quality assurance information for each variable of interest, we found that the data gaps in the 8-day composite of TS, NMDI, and NDVI variables were in the range 0.52%-2.82%, 0.001%-0.0334%, and 0.00003%-0.0035%, respectively, on average during 2009-2011. Subsequently, we filled these gaps using both spatial (i.e., in the range 3 × 3 to 15 × 15 window sizes) and temporal (i.e., considering the images from i − 1 and i periods) dimensions for the variable of interest. We observed that the gaps were in-filled approximately (i) in the range 84.70% to 98.93% for TS images; and (ii) 100% for NMDI and NDVI images, during 2009-2011 period. The above results demonstrated that all the gap pixels could not be in-filled after implementing the gap-filling algorithm. The reasons behind the incapability to fill all the data-gaps were the lack of contamination-free pixels in both temporal (i.e., the pixel of interest was cloudy during i − 1 period) and spatial dimensions (i.e., none of the pixels were cloud-free within the window of interest) for the variable of interest [42, 60] .
Development of a Daily-Scale FFDFS
In this study, we developed a remote sensing-based FFDFS system at a daily scale using MODIS-derived variables, and its conceptual diagram is shown in Figure 2 . The proposed system comprised of four steps. Firstly, we assimilated all four input variables (i.e., TS, NMDI, NDVI, and PW) within the four forest-dominant land cover types. Secondly, we computed the study area-specific average values for all input variables during the i period (i.e., TS(i), NMDI(i), NDVI(i)) and j day (i.e., PW(j)). Thirdly, we calculated fire danger conditions (high or low; see Figure 2b ,c) for each of the input variables during both i + 1 period and j + 1 day upon comparing the input variable-specific instantaneous values at a given pixel from i period and j day (i.e., TS(i), NMDI(i), NDVI(i), PW(j)) with their respective average values computed in the second step. We assumed that the fire danger condition for the specific variable of interest would be high if following condition would prevail. For example, TS(i) ≥ TS(i) : high temperature might favor fire; NMDI(i) ≤ NMDI(i) : low moisture in vegetation might support fire; NDVI(i) ≤ NDVI(i): low vegetation greenness might support fire as it relates with other biophysical variables; and PW(j) ≤ PW(j): low water vapor in the atmosphere might be associated with the flammability of both live and dead fuels. Finally, we stratified the individual input variable-specific danger conditions into five danger categories, such as: (i) extremely high: when all the four variables fell in the high danger class; (ii) very high: when at least three of the four variables fell in the high danger class; (iii) high: when at least two of the four variables fell in the high danger class; (iv) moderate: when at least one of the four variables fell in the high danger class; and (v) low: when all four variables fell in the low danger class. In integrating the individual variable-specific fire danger conditions in the framework of daily-scale FFDFS, we assumed that the impact of the 8-day composite of TS, NMDI, and NDVI variables would be constant over the following 8-day period.
After generating the daily fire danger maps, we evaluated them with the Alberta ESRD ground-based fire spots data during 2009-2011. In these cases, we overlaid the fire spots over the forecasted fire danger maps over a day of interest and computed the distribution of the fire danger categories over the fire spots. Finally, we determined the "% of each danger classes" over all of the fire spots during the entire study period. Note that we stratified all the multi-spatial input variables (i.e., TS, NMDI, NDVI, and PW) of the FFDFS so that the gridded pixels of each dataset matched. In this context, we resampled both the TS and PW images from 1 km to 500 m prior to integrating with the NMDI and NDVI images. Hence, our proposed FFDFS system would generate danger maps at a spatial resolution of 500 m. 
Results and Discussion
Evaluation of the Impact of Daily PW on the Fire Danger Condition
As we were incorporating the daily PW variable in the FFDFS framework for the first time, we opted to evaluate its individual impact on the fire danger conditions prior to integrating with other variables. As part of this process, we computed the study area-specific average values of PW (PW) in order to comprehend its seasonal trends. Then, we performed quadratic fits for the PW as a function of 8-day periods (see Figure 3) . The r 2 -value for these curves were in the 0.60-0.71 range during the 2009-2011 period. Note that the generic shapes of these curves were similar to those illustrated in Figure 2c , which proved that our assumed pattern for the PW held quite nicely. Upon getting the study area-specific daily (PW) during j day, we computed the daily PW-specific fire danger conditions (i.e., high and low) during j + 1 day, and compared them against the ground-based fire spots. It revealed that on average, 53.54% of fire spots fell under high danger category (i.e., PW(j) ≤ PW(j)) during the period of 2009-2011 (see Figure 4) . These findings were found acceptable as the fire occurrences would not only depend on the PW but also other factors, e.g., temperature, precipitation, wind regimes, topography, fuel types, source of ignitions, etc. [8, 26, [61] [62] [63] . In addition, we observed that other input variables of the FFDFS (i.e., TS, NMDI, and NDVI) demonstrated similar results (i.e., 50.60%, 65.50%, and 61.95% of the fire spots fell under the "high danger" category for TS, NMDI, and NDVI respectively during 2009-2011). It could therefore be suggested that individual variables might not able to capture the fire danger conditions precisely. Furthermore, we analyzed the actual fire occurrence in the context of the study area-specific average and standard deviations associated with PW (see Figure 4 ) and observed two major issues. Firstly, we did not find whether relatively lower PW (i.e., less than "average-1 standard deviation") was related to more fire occurrences. In fact, similar situations were also observed for the variables TS, NMDI, and TVWI over boreal forested regions of Alberta in [41] . Also, Bartsch et al. [64] noticed that more dryness did not always favour fire occurrences while investigating soil moisture anomalies as a fire danger indicator over Siberia. Secondly, we found that approximately 70.44% of the fires fell within "average ± 1 standard deviation" and similar results were also reported in other studies, e.g.,:
• Clabo and Bunkers [65] found that most of the fires occurred in South Dakota when the PW in the 800-700 mb layer (i.e., ~1.8-2.7 km above the ground surface) was below or around the monthly PW-levels; • Sitnov and Mokhov [47] observed the daily PWs were highly anomalous (i.e., water vapor content was low compared to that of the ten years average-values) during 23 July to 18 August 2010 over European Russia when more than 60% of the fires took place; and
• Akther and Hassan [41] reported that most of the fire occurrences were found within the "average ± 1 standard deviation" for the variables TS, NMDI, and TVWI over boreal forested regions of Alberta. Additionally, the daily PW variable was based on total column of water vapor amounts in the atmosphere and usually found to be very sensitive to boundary-layer water vapor [66] . Also, relationships between water vapor at different boundary layers and fire occurrences were reported in the literature; (i) Brotak [67] found that low moisture at the 850 mb layer was highly associated with severe fires in the eastern United States (i.e., 93% of the all fire occurrences); and (ii) Price [68] showed that PW at above 300 mb and the 300-500 mb layer was linked to lightning activity, which would be considered one of the major source of fire ignition. Note that in Canada alone, lightning-caused fire burned more than 1.6 million ha of forested land annually on average [69] . As a result, it would be worthwhile to investigate the water vapor regimes at different boundary layers and their relationship with fire occurrences. In such cases, one of the viable options would be the use of radiosonde data [67, 68] . 
Evaluation of Daily-Scale FFDFS System
Once the variable-specific (i.e., TS, NMDI, NDVI, and PW) fire danger conditions (i.e., either high or low) were generated, we combined all the variables of interest to forecast the fire danger conditions at the daily scale. The combined fire danger conditions demonstrated excellent results, i.e., on average 95.51% of the fires fell under "extremely high" to "moderate" danger classes during the 2009-2011 period (Table 1 ). In addition, we also observed very good results using the combined variables of TS, NMDI, and NDVI at the 8-day scale while comparing with the Alberta ESRD fire data from 2009-2011 ( Table 2 ). They show that on average, 90.94% of the fires fell in "very high" to "moderate" danger classes. It was clearly evident that the daily-scale FFDFS performed better than the 8-day scale FFDFS, i.e., improvement over 4.5% during the period of 2009-2011. However, the major enhancement of the FFDFS system was the capability to forecast fire danger conditions at the daily scale, which would be a prerequisite from an operational perspective. Figure 5 shows the combined fire danger map at 500 m spatial resolution for 13 June 2009 (i.e., DOY 164) while the input variables were acquired during the immediate preceding day (i.e., 12 June 2009; DOY 163) for PW, and period (i.e., 2-9 June 2009; DOY 153-160) for TS, NMDI, and NDVI. The fire danger map shown in Figure 5 revealed that approximately 91.50% of the pixels fell into the "extremely high" to "moderate" danger categories. In addition, we observed that the actual fires that started in 13 June 2009 (i.e., 23 fires that burned more than 36,000 ha) and their specific danger conditions demonstrated that 95.24% of fire fell under "extremely high" to "moderate" danger classes (sample fire spots along with the danger conditions are shown in Figure 5b ). Note that our observed agreements were similar to the 8-day scale forecasting, such as 91.6 and 98.19% of fires falling under "very high" to "moderate" danger categories in [41, 42] respectively.
Despite the excellent performance of the FFDFS, we observed that a small percentage of the fire spots (i.e., 4.49%) fell in the low danger category, which could be improved upon by considering other fire-related variables. Those might include the incorporation of (i) spatially dynamic but temporally static (e.g., topographic parameters such as slope, elevation, and aspect, proximity to road networks, and proximity to urban areas) [62] and spatially static but temporally dynamic (e.g., the effect of long weekends would attract more people to camp in forests) variables; (ii) other meteorological variables, such as incident solar radiation, amount and duration of precipitation, wind regimes; (iii) lightning as a source of ignition; (iv) vegetation phenology as it might play an important role in defining water stress and thus fire occurrence [22] ; and (v) relatively higher spatial resolution (e.g., 250 m) for the input variables in delineating the landscape in more detail [70] . Among these, wind regimes are commonly used in most of the operational systems; however, we were unable to incorporate such a variable in our proposed FFDFS as remote sensing-based estimates of wind regimes would be extremely difficult. 
Concluding Remarks
In the course of this study, we developed a simple but unique fully remote sensing-based framework for forecasting daily forest fire danger conditions at 500 m spatial resolution. This proposed system consisted of three steps: (i) processing of the input variables (i.e., TS, NMDI, NDVI, and PW) of the FFDFS system, and computation of their respective study-area specific average values; (ii) determination of variable-specific fire danger conditions (either high or low); and (iii) stratification of all the four variable-specific fire danger conditions into five fire danger categories (i.e., extremely high, very high, high, moderate, and low). The proposed daily-scale FFDFS system revealed that 94.78%-95.93% of the fires fell under "extremely high" to "moderate" danger classes during the 2009-2011 period. We believe that the proposed system would be useful in supplementing the currently operational meteorological-based forecasting systems, in particular for remote areas of the landscape and in between two weather stations. Also, the proposed system could potentially be adopted in other jurisdictions and/or globally; however, we strongly recommend that it should be thoroughly evaluated prior to its implementation.
